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Introduction: QGP as a perfect fluid
Recently, the global polarization of Λ and Λ¯ hyperons in
heavy-ion collisions (HIC) has been observed [1] by the STAR
Collaboration at the Relativistic Heavy Ion Collider (RHIC) in
Brookhaven National Laboratory (BNL). The discovery con-
firms the theoretical prediction [2] made more than ten years
ago and indicates that the quark gluon plasma (QGP) pro-
duced in HIC possesses a vorticity as high as 1021s−1, much
higher than any other fluid observed in nature. This opens a
new window to study properties of QGP and a new direction
in high energy heavy ion physics.
QGP is an extraordinary state of matter under strong inter-
action. As early as the 1970s, T.D. Lee and G. C. Wick sug-
gested that [3] “by distributing high energy or high nucleon
density over a relatively large volume”, one could temporarily
restore broken symmetries of the physical vacuum and possi-
bly create a new state of dense nuclear matter. At the same
time, it was realized that the asymptotic freedom in of quan-
tum chromodynamics (QCD) implies the existence of an ultra-
dense form of matter where all known hadrons are expected
to dissolve into a plasma of their elementary constituents, the
deconfined quarks and the gluons.
FIG. 1: Illustration diagram of the evolution of a heavy ion collision.
The partonic matter system is found to be in the QGP state.
The QGP state is thought to have existed in the early uni-
verse after the Big Bang [4]. The transition from QGP to
hadronic matter is believed to be one of several transitions
occurring during the first few microseconds, when the tem-
perature was of the order of hundreds of MeV (∼ 1013K). It
was pointed out that conditions required to create QGP could
be achieved in the laboratory by colliding two heavy nuclei
at high energies. (See Fig. 1). Since then, QGP has been the
focus of an extensive experimental program at SPS and LHC
facilities at CERN, as well as RHIC at BNL [5].
The QGP observed in HIC has a number of remarkable
properties manifested in azimuthal elliptical flow, jet quench-
ing and other phenomena [6]. It is also opaque to fast partons
that carry color charge. These phenomena indicate that the
QGP is a fluid with minimal viscosity, often called the “per-
fect fluid” [7].
FIG. 2: A heavy ion collision event at RHIC. In an average Au-Au
collision at
√
s = 200 AGeV, thousands hadrons are produced. Fig-
ure courtesy of the STAR collaboration: https://www.star.bnl.gov/.
As we discuss below, the study of polarization in HIC
probes the fine rotational substructure of this perfect fluid.
Global orbital angular momenta of QGP in HIC
Spin, as a fundamental degree of freedom of elementary
particles, plays a very important role in modern physics and
often bring us surprises. There are many well known exam-
ples in the field of high energy physics such as the so-called
proton spin crisis [8] triggered by measurements on spin de-
pendent structure functions in deeply inelastic lepton-nucleon
scattering, the single transverse spin left-right asymmetry in
inclusive hadron production in hadron-hadron collisions [9],
as well as the transverse hyperon polarization with respect to
the production plane in unpolarized proton-proton and proton-
nucleus collisions. Such studies are among the most active in
strong interaction physics.
The role of spin in HIC was largely ignored until it was
realized [2] that the huge orbital angular momentum in these
collisions may couple to spin degrees of freedom of the pro-
duced quarks. Exploring this phenomenon could provide an
entirely new probe of the QGP, as well as studying the ex-
change of orbital and spin angular momentum under the most
extreme conditions.
The reaction plane and the geometry of a HIC as illus-
trated in Fig. 3 can be further clarified in Fig. 4. In the up-
per left panel, a nucleus (denoted the “projectile”) travels in
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2FIG. 3: Illustration diagram for the reaction plane in a non-central
heavy ion collision. In contrast to high energy pp or e+e− collisions,
the reaction plane in a high energy heavy collision can be determined
experimentally.
the +z-direction, colliding with the “target” traveling in the
−z-direction. The impact parameter, b is the transverse com-
ponent of the vector pointing from of the target to the projec-
tile. We take b to define the +x-direction. The normal of the
reaction plane is given by n ∝ p × b is along the y-direction.
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FIG. 4: Illustration of the geometry and coordinate system of a non-
central HIC with impact parameter b. The global angular momentum
of the produced matter is along the minus y direction, normal to the
reaction plane. This figure is taken from [2].
The orbital angular momentum of the QGP, Ly, also known
as the global angular momentum, in a non-central HIC has
been estimated in [2, 10] using a hard sphere or Wood-Saxon
distribution of the nuclear matter in a nucleus. The results are
shown in Fig. 5. Here we see that the global orbital angular
momentum of the QGP formed in HIC at RHIC can be as large
as 105~.
This global angular momentum of the partonic system can
be manifested in the finite transverse gradient of the average
longitudinal momentum pz per produced parton along the x-
direction. From the transverse gradient dpz/dx, Ref. [10] has
also made an estimation of the so-called local orbital angular
momentum for two partons in QGP with a transverse separa-
FIG. 5: Global orbital angular momentum of the fireball formed in a
non-central HIC as a function of the impact parameter. As in Fig. 4,
RA = (1.12 fm)A1/3 is the nuclear radius in a hard-sphere distribution.
This figure is taken from [10].
tion ∆x. The typical magnitude l0 ∼ −(∆x)2dp0/dx in Au+Au
collisions at
√
s = 200AGeV is l0 ' −1.7 for ∆x = 1fm and
is indeed sizable.
In more realistic hydrodynamic simulations of non-central
collisions [11], local vorticities are generated through col-
lected flow in a homogenous fluid as shown in Fig. 6. In the
transverse plane of a non-central Au+Au collision, the pattern
of the local vorticity has a ring structure. The net sum of the
local vorticity is non-zero in the direction perpendicular to
the reaction plane caused by the global angular momentum
transferred to the fluid system.
FIG. 6: The local vorticity obtained in a hydrodynamical simulation.
This figure is taken from [11].
Spin-orbital coupling in a relativistic quantum system
It has been known for a long time that spin-orbital coupling
is an intrinsic property of a relativistic fermionic quantum sys-
tem. This can be seen most clearly from Dirac equation. Even
for a free Dirac particle, the Hamiltonian,
Hˆ = α · pˆ + βm, (1)
does not commute with the orbital angular momentum Lˆ and
the spin operator Sˆ = Σ/2 separately, but commutes with the
total angular momentum Jˆ = Lˆ + Sˆ. This tells us clearly that
3the spin and the orbital angular momentum coupled to each
other and should be able to transfer from one to another in
a relativistic fermionic quantum system. The strength of the
spin-orbital coupling should be dependent on the strength of
the interaction in the system considered. It should be different
for a strongly interacting system from that for an electromag-
netically interacting system.
There are many well-known effects due to spin-orbital cou-
pling in a system with electromagnetic interactions. The text-
book example is the fine structure of atomic spectra. It plays
also a very important role in modern spintronics in condensed
matter physics where spin transport in the electromagnetically
interacting system is studied.
The transfer of spin polarization (magnetization) and or-
bital angular momentum (rotation) in electromagnetically in-
teracting systems was discovered just over a century ago. Bar-
net [13] found that rotation can cause magnetization at an ob-
ject, while Einstein and deHaas showed that a magnetic field
may induce rotation.
In systems with strong interactions, spin-orbital coupling
also leads to many distinguished effects. One famous example
is the nuclear shell model developed by Mayer and Jensen,
where spin-orbit coupling plays a crucial role to produce the
magic numbers of atomic nuclei. Currently, in the frontier
of high energy spin physics, the orbital angular momentum
is argued not only to contribute to the proton spin due to
spin-orbital interactions but also can be responsible for
the single-spin left-right asymmetries and other single-spin
effects observed experimentally. The study of the role played
by the orbital angular momentum is one of the core issues
currently in high energy spin physics [8].
Globally polarized QGP in HIC
It was realized that spin-orbit coupling in a strongly inter-
acting QGP with large orbital angular momentum can lead to
polarization of quarks and anti-quarks in non-central heavy-
ion collisions.
The theoretical calculations [2] based on pQCD in the hot
nuclear medium show that a quark can acquire a reasonably
large polarization in the same direction as the initial orbital
angular momentum after one collision with another parton in a
fluid with non-vanishing local angular momentum or vorticity.
This lead to the prediction that quarks and anti-quarks in QGP
created in non-central HICs are polarized in the direction of
the global angular momentum of the initial colliding system.
Such a polarization [2] is quite different from other cases
in high energy physics such as the longitudinal or the trans-
verse polarization. The longitudinal polarization refers to the
helicity or the polarization in the direction of the momentum;
whereas the transverse polarization refers to directions per-
pendicular to the momentum, either in the production plane
or along the normal of the production plane. These directions
are all defined by the momentum of the individual particle. In
contrast, the polarization discussed here refers to the normal
of the reaction plane of an event. It is a fixed direction for one
collision event and is independent of the direction of any par-
ticular hadron. Hence, in Ref. [2], this polarization was given
a new name — the global polarization, and the QGP was re-
ferred to the globally polarized QGP in non-central HIC.
FIG. 7: Illustration of the global polarization effect in non-central
heavy ion collisions.
The global polarization of QGP can manifest itself in
different observables. The most obvious one should be the
global polarization of hadrons produced in the hadronization
of the QGP. In Ref. [2], the global polarization of produced
hyperons are estimated. The spin alignment of vector
mesons (hadrons with spin-1) has also been calculated [12].
Many other observables and calculations based on different
approaches have also been discussed in the literature. See e.g.
a summary by Qun Wang in Quark Matter 2017 [14].
STAR experiments and the vorticity of QGP
These novel predictions on the global polarization attracted
immediate attention, both experimentally and theoretically. A
new preprint [15] only three days after the first prediction [2]
attempted to extend the idea to other reactions. Experimental-
ists in the STAR collaboration had also started measurements
shortly afterward.
Both hyperon polarization and vector meson spin alignment
can be measured via the angular distribution of decay prod-
ucts. For hyperon polarization, the polarization is measured
by the so-called self-spin analyzing weak decay. For exam-
ple, for Λ hyperon, this can be measured by studying the weak
decay Λ→ ppi−,
dN
dΩ
=
N
4pi
(1 + αPΛ cos θ), (2)
where θ is the decay angle of the proton with respect to the
polarization direction of Λ in its rest frame, α is a known con-
stant that is called a decay parameter, and PΛ is the magnitude
of the polarization.
Measurements of global Λ hyperon polarization and K∗
and φ vector meson spin alignments of K∗ and φ attempted
soon after the publication of the theoretical predictions [2, 12].
Studies of both aspects have advantages and disadvantages.
Hyperon polarization is a linear effect where the polarization
for directly produced Λ is equal to that of quarks. The spin
alignment of vector meson is a quadratic effect proportional to
the square of quark polarization. Hence the magnitude of ef-
fects of vector meson spin alignment should be much smaller
4than that of hyperon polarization. However, to measure the
polarization of hyperon, one has to determine the direction of
the normal of the reaction plane, which is not needed for mea-
surements of vector meson spin alignments. Also the feed
down effects due to decay contributions to vector mesons are
negligible but not for Λ hyperons.
Although there were some promising indications, the re-
sults obtained in the early measurements [16, 17] by the STAR
collaboration both on Λ hyperon polarizations and vector me-
son spin alignments were consistent with zero within the large
errors. STAR measurements continued during the beam en-
ergy scan (BES) experiments and positive results were ob-
tained with improved accuracies [1].
FIG. 8: A sketch of a heavy ion collision in the STAR detector sys-
tem. The reaction plane was determined by measuring the sidewards
deflection of the forward and backward going fragments and particles
in the beam-beam counter detectors. This figure is taken from [1].
A sketch of a HIC in the STAR detector system is given in
Fig. 8, where the reaction plane was determined by measuring
the sidewards deflection of the forward and backward going
fragments and particles in the beam-beam counter detectors.
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FIG. 9: Global polarizations for Λ’s (blue stars) and Λ¯’s (red circles)
obtained by the STAR Collaboration. Figure adopted from [1].
Fig. 9 show the results obtained by the STAR Collabora-
tion for the global polarization of Λ and Λ¯ as functions of the
collision energy. The obtained value averaged over energy is
1.08 ± 0.15(stat) ± 0.11(sys) per cent and 1.38 ± 0.30(stat) ±
0.13(sys) per cent for Λ and Λ¯, respectively.
If QGP is in equilibrium and we can treat it as a vortical
ideal fluid consisting of quarks and anti-quarks, the global
polarization of Λ hyperon is directly related to the vorticity
of the system [18]. The fluid vorticity may be estimated from
the data using the relation given in the hydro-dynamic model,
and it leads to a vorticity ω ≈ (9 ± 1) × 1021s−1. This far
surpasses the vorticity of all other known fluids (See Fig. 10.).
It was therefore concluded that QGP created in HIC is the
most vortical fluid in nature observed yet.
FIG. 10: Illustration of scales of vorticities of different fluids ob-
served in nature.
The outlook
The early theoretical prediction [2] and discovery of global
spin polarization in non-central HIC by STAR Collabora-
tion [1] open a new window to study properties of QGP and
a new direction in high energy heavy ion physics. With much
higher statistics, the STAR Collaboration has repeated mea-
surements [19] in Au-Au collisions at 200AGeV and obtained
positive results with much higher accuracies. The ALICE
Collaboration at the Large Hadron Collider (LHC) has also
carried out similar measurements in Pb-Pb collisions [20].
Other efforts on measurements of vector meson spin align-
ments have also been attempted. The STAR Collaboration has
just finished major detector upgrades and started the beam en-
ergy scan experiments at phase II (BES II). The successful de-
tector upgrade with improved inner time projection chamber
(iTPC) and event plane detector (EPD) will be crucial to the
measurements of global hadron polarizations. The STAR BES
II will provide an excellent opportunity to study the global po-
larization in HIC and we expect new results with higher accu-
racies in next years.
There are also many exciting studies in this connection
such as different approaches to calculate the global polariza-
tions, other measurable effects on global polarizations, and
also other effects in connection with the huge orbital angular
momenta of the colliding systems in HIC. Interested readers
are referred to recent overviews such as [14].
In addition to vorticity and rotation, these polarization
studies may provide a unique probe of the huge magnetic
fields that are expected in HIC. The relativistic charged nuclei
should produce fields on order 1014 − 1016 Tesla, at least
instantaneously. The superconducting nature of the QGP
may extend the lifetime of this field as the system evolves.
While vortical or spin-orbit coupling tends to align all spins
in the same direction, magnetic coupling can produce a “fine
5FIG. 11: Illustration of scales of magnetic fields of different systems
in nature.
structure” to the coupling systematics [18]. In particular, a
strong magnetic field would enhance the polarization of Λ
and slightly suppress that of Λ. Indeed, the data in Fig. ??
suggests just such a fine-structure pattern, and if errorbars are
ignored, would indicate B ∼ 1014 T, higher than any other
magnetic field in the universe (see Fig. 11). However, much
smaller uncertainties– available with the new BES-II data–
will be needed to resolve the issue.
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